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Ion iz ing ra di a tion is com monly used in the treat ment of brain tu mors but it can im pair cog ni -
tive func tions, such as learn ing and mem ory. Since cog ni tive dysfunctions are pre dom i nantly
re sult of cell death by apoptosis in hippocampal cells, in this study we an a lyzed acute ef fects of
cra nial gamma-ir ra di a tion (10 Gy) on ex pres sion of proapoptotic mol e cules (p53, Bax) and
antiapoptotic mol e cule Bcl-2, as well as caspase-3 ac ti va tion and cytochrome c re dis tri bu tion
in the hip po cam pus of young rats. The se lected reg i men of ir ra di a tion re sem bles the es tab -
lished an i mal model for child hood pro phy lac tic cra nial ra dio ther apy.
Our re sults dem on strated that p53 mRNA ex pres sion was un changed af ter ir ra di a tion, while 
in duc tion of p53 pro tein was rapid. In par al lel, Bax mRNA and pro tein lev els were also in -
creased fol low ing ir ra di a tion, whereas Bcl-2 ex pres sion was not changed dur ing the ex am -
ined post-ir ra di a tion pe riod. These changes were ac com pa nied with early hall marks of
apoptosis, such as in creased cytochrome c re lease and stim u lated ac ti va tion of caspase-3.
Over all, this study dem on strates that cra nial ir ra di a tion is as so ci ated with the aug mented
apoptotic path way in the rat hip po cam pus, which could be re lated to the cog ni tive de cline ob -
served in pa tients af ter pro phy lac tic cra nial ra dio ther apy, but also opens per spec tive in find -
ing radioprotectors that can mit i gate ra di a tion in jury of nor mal brain tis sue.
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INTRODUCTION
The ra di a tion ther apy has been used in can cer
treat ment for many de cades; it is used not only to treat
pa tients with pri mary and sec ond ary brain tu mors, but
also as pro phy laxis, to pre vent de vel op ment of brain
metastases and cen tral ner vous sys tem (CNS) in volve -
ment in he ma to log i cal ma lig nan cies [1]. For many
years, the 24 Gy cra nial ra dio ther apy has been part of
the CNS pro phy lac tic ther apy for stan dard and high
risk pa tients with acute lymphoblastic leu ke mia
(ALL) [2]. How ever, in the course of the treat ment,
these pa tients have dem on strated dif fer ent cog ni tive
dis tur bances, such as di min ished in tel lec tual func tion -
ing, learn ing, mem ory, and spa tial in for ma tion pro -
cess ing abil i ties [3]. It is well known that hippocampal 
for ma tion in the brain plays a cen tral role in short-term 
learn ing and mem ory – the func tions most no ta bly af -
fected by ra di a tion. The dis tur bances in hippocampal
func tions are most likely se quels of im paired
neurogenesis of the pro gen i tor cells, pro moted
through cell death by apoptotic mech a nism. In fa vor of 
this as sump tion, Monje and Palmer [4] re ported that
ra di a tion in duces acute apoptosis of neu ral pro gen i -
tors and vas cu lar en do the lial cells in the rat hip po cam -
pus, re sult ing in in hi bi tion of neurogenesis.
The ex po sure of nor mal CNS tis sues to clin i cally
rel e vant low doses of ion iz ing ra di a tion causes DNA
dam age and the gen er a tion of re ac tive ox y gen spe cies
(ROS) [5], which can lead to a apoptotic death through a
p53-de pend ent path way [6]. The apoptosis is the pro cess
of pro grammed cell death with char ac ter is tic mor pho -
log i cal changes as blebbing, cell shrink age, nu clear frag -
men ta tion, chromatin con den sa tion and DNA frag men -
ta tion [7]. One of the cen tral mol e cules in volved in both
apoptosis and DNA re pair path ways af ter ir ra di a tion is
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the tu mor sup pres sor pro tein p53 [8]. Un der nor mal con -
di tions p53 is a short-lived pro tein that is main tained at
low level in the cell. In many tis sues, ir ra di a tion re sults in
the up-reg u la tion of p53 pro tein by a post-translational
sta bi li za tion mech a nism, pre sum ably not fol lowed with
change in the mRNA level [9, 10]. Ac tive p53 pro tein in -
duces the tran scrip tion of sev eral down stream genes that, 
in turn, can trig ger a va ri ety of bi o log i cal pro cesses such
as cell cy cle ar rest, apoptosis and DNA re pair. The over -
all con sen sus is made that Bcl-2 fam ily mem bers are cru -
cial in p53-me di ated apoptosis [11]. This fam ily in cludes 
two cat e go ries of pro teins: those func tion ing as
suppressors of apoptosis (Bcl-2, Bcl-xL, Bcl-w) and
those that pro mote apoptosis (Bax, Bcl-xS, Bak, Bad,
Bik, and Noxa). The pro-apoptotic mem bers like Bax,
Bak and Noxa are transcriptionally upregulated by p53,
while ex pres sion of anti-apoptotic Bcl-2 is sup pressed by 
p53 [12]. The rel a tive ra tios of these var i ous pro- and
anti-apoptotic mem bers of the Bcl-2 fam ily have been
shown to de ter mine the ul ti mate sen si tiv ity or cell re sis -
tance in a re sponse to the ion iz ing ir ra di a tion [13]. The
pre dom i nance of apoptotic mol e cules pro motes mi to -
chon drial-de pend ent or “in trin sic” apoptotic path way,
by chang ing mi to chon drial per me abil ity that lead to the
re lease of apoptotic pro teins such as cytochrome c from
mi to chon dria into cy to plasm [14]. The re lease of
cytochrome c is fol lowed by the ac ti va tion of the caspase
cas cade, with ac ti vated caspase-3 as one of the key ex e -
cu tion ers of apoptosis [15]. The ac ti va tion of caspase-3
re quires proteolytic pro cess ing of its in ac tive zymogen
into ac tive p17 and p19 forms [16], which form en zy mat -
i cally ac tive dimer re spon si ble for proteolytic cleav age
of many key pro teins [17]. There fore, the re lease of
cytochrome c into cy to plasm and cleav age of
procaspase-3 are con sid ered as early hall marks of
apoptosis [18, 19].
The pri mary fo cus in cra nial ra dio ther apy is to
in crease the ef fec tive ness in erad i ca tion of tu mor
cells, while pre serv ing nor mal sur round ing tis sue.
There fore, an i mal mod els may be use ful in as sess ing
the ef fects of ir ra di a tion on the brain tis sue. In this
study an es tab lished an i mal model for CNS pro phy lac -
tic ther apy of child hood ALL was used [20]. The heads 
of young Wistar rats (18 days old) were sub jected to a
sin gle dose of gamma ir ra di a tion (10 Gy), since this
dose ap prox i mate clin i cal dose of 24 Gy given in
12-14 frac tions in CNS pro phy lac tic ther apy of high
risk pa tients with ALL [21]. 
The aim of the pres ent study was to in ves ti gate
the mo lec u lar mech a nism of ra di a tion-me di ated
apoptosis in nor mal brain tis sue, by an a lyz ing ex pres -
sion of tu mor sup pres sor p53 in the hip po cam pus of
head-ir ra di ated rats at var i ous time in ter vals af ter
treat ment, both at the level of mRNA and pro tein. Si -
mul ta neously, the ex pres sion of pos i tive apoptosis
reg u la tor Bax and antiapoptotic mol e cule Bcl-2, as
down stream p53-tar get genes, was ex plored in the
same an i mal model. The early signs of apoptosis were
as sessed on the level of cytochrome c, procaspase-3
and cleaved caspase-3 in the cy to plas mic frac tion of
rat hip po cam pus. Through anal y sis of these mo lec u lar
mark ers we sought to de ter mine whether hip po cam -
pus, as the key cen ter for mem ory and learn ing, is af -
fected by the apoptotic cell death af ter the pro phy lac tic 
cra nial ir ra di a tion.
MATERIAL AND METHODS
Animals
The ex per i ments were con ducted on 18-days-old
male Wistar rats, weigh ing 32.45 ± 0.71 g, bred at the
Vin~a In sti tute of Nu clear Sci ences, Bel grade, Ser bia.
The an i mals were main tained in the an i mal room on a
12:12 h light/dark cy cle (lights on: 7:00 a. m.-7:00 p. m.),
un der con stant tem per a ture (22 °C) and hu mid ity (55% 
±  5%). The an i mals had free ac cess to food-com mer cial
rat pel lets and wa ter. All an i mal pro ce dures were com -
plied with the Eu ro pean Com mu ni ties Coun cil Di rec tive
(2010/63/EU) and ap proved by the Eth i cal Com mit tee
for the Use of Lab o ra tory An i mals of the Vin~a In sti tute 
ac cord ing to the guide lines of the EU FELASA-reg is -
tered Ser bian Lab o ra tory An i mal Sci ence as so ci a tion
(SLASA).
Irradiation procedure
Pre vi ously es tab lished an i mal model for CNS
pro phy lac tic ther apy of child hood ALL was used in this
study [21]. At the age of 18 days (the day of birth taken
as day 0), an i mals were di vided into two groups (60 an i -
mals per group): the sham ir ra di ated con trols (C) and ir -
ra di ated (IR) an i mals. Fur ther, the groups of sham ir ra -
di ated con trols and ir ra di ated an i mals were di vided in
four sub groups of 15 an i mals, ac cord ing to the time of
de cap i ta tion  af ter  treat ment.  Since  the IR an i mals
were an es the tized with the com bi na tion of ketamine
(50 mg/kg) and xylasine (3 mg/kg) (Rich ter Pharma,
Wels, Aus tria) for 1 h dur ing ir ra di a tion pro ce dure, the
sham ir ra di ated con trols were treated equally, ex cept
the ex po sure to ion iz ing ra di a tion. The heads of the IR
rats were ex posed to a sin gle 10 Gy dose of g-rays  us ing 
60Co source (the Lab o ra tory of Ra di a tion Chem is try
and Phys ics, Vin~a In sti tute of Nu clear Sci ences). Since 
the rat brain is more ra di a tion re sis tant com pared to the
hu man, a sin gle 10 Gy ir ra di a tion dose is well be low the 
ap pear ance thresh old of frank vas cu lar changes,
demyelization or radionecrosis [22]. In or der to min i -
mize the ra di a tion ex po sure of the ab do men and ad re nal 
glands,  the  bod ies  of  the  an i mals were pro tected by a 5 
cm lead blocks placed in front of the 2.5 cm thick poly -
sty rene bar. A Fricke do sim e ter was cho sen (0.001 M
Fer rous ions di luted in 0.4 mol/L sulphuric acid) for
dose rates mea sure ments be cause both the do sim e ter
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and the cells chem i cally are aque ous so lu tions where
the ra di a tion en ergy is es sen tially ab sorbed in wa ter
mol e cules [23]. The scat tered ra di a tion ab sorbed in
shielded parts of the body was less than 5% of the dose
de liv ered to the cra nium. The ra di a tion of four an i mals
at the time was ad min is tered in the morn ing (9:00 to
10:00 a. m.) at a dose rate 0.32 Gy/min (source skin dis -
tance of 31 cm). The en tire ex po sure lasted 32 min. Af -
ter com plet ing ir ra di a tion pro ce dure, the ir ra di ated an i -
mals and the ap pro pri ate sham ir ra di ated con trols were
sac ri ficed by de cap i ta tion 1, 2, 4, and 8 h af ter ir ra di a -
tion. Each ex per i men tal group con sisted of 15 an i mals.
Tissue collection
Af ter de cap i ta tion the brains were quickly re -
moved and placed on ice for an im me di ate dis sec tion
of the hip po cam pus. For each group, the 3-5
hippocampi were pooled for sub se quent West ern blot
and RT PCR, rap idly frozen in liq uid ni tro gen and
stored at –70 ºC for sub se quent pro cess ing [24].
Reverse transcription and
semi-quantitative PCR (RT-PCR)
To tal RNA was iso lated from the hippocampi us ing
TRIreagent® (Invitrogen, Carlsbad, USA). The RNA was 
quan ti fied by read ing the op ti cal den sity  at 260 nm and
280 nm. For the syn the sis of cDNAs, the First Strand
cDNA Syn the sis Kit (#K1612, Fermentas, Lith u a nia) was 
used by man u fac tur er's in struc tions. The cDNAs were
stored at  70 ºC un til anal y sis.
The cDNA prod ucts were am pli fied us ing prim -
ers for p53, Bax and Bcl-2, to gether with the house -
keep ing gene glyceraldehyde 3 phos phate dehydro-
genase (GAPDH) (the prim ers se quences are pre -
sented in tab. 1). The cDNAs were am pli fied in a
Eppendorf thermocycler for 30 cy cles (Bax, Bcl-2) or
28 cy cles (p53, GAPDH) us ing the fol low ing con di -
tions: de na tur ation 94 °C/(1 min); an neal ing 62 ºC
(p53), 58 ºC (Bax) and 55ºC (Bcl-2 and GAPDH), ex -
ten sion 72 ºC/(1 min); fi nal ex ten sion 72 ºC/(5 min).
The PCR prod ucts were sep a rated on 2% agarose gels
and visu al ised by ethidium-bro mide stain ing un der
UV light. The in ten sity of PCR prod ucts were mea -
sured with an im age anal y sis sys tem GelDoc 1000
(BioRad, Cal., USA) and ex pressed in ar bi trary units
(count). The ar bi trary units re lated to the p53, Bax and
Bcl-2 am pli fi ca tion prod ucts were di vided by that cor -
re spond ing to GAPDH prod uct ob tained in the same
sam ples.
Preparation of whole cell extracts and
cytoplasmic extracts for western blot analysis
For the prep a ra tion of whole cell ex tracts, frozen
hippocampal tis sue was ho mog e nized (1:4 w/v) in
ice-cold 50 mM Tris-HCl (pH 8) buffer con tain ing 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM 
Na3VO4, 1% Nonidet P-40 (NP-40), 0.1% SDS, 0.5%
Na-deoxycholate and pro te ase in hib i tors (0.5 mM PMSF,
5  mg/ml antipain, 5  g/ml leupeptin, 5  g/ml aprotinin). Af -
ter 30 min of in cu ba tion on ice, homogenates were cen tri -
fuged on 13000 × g, 20 min, 4 ºC, and re sult ing
supernatant rep re sents whole cell ex tracts.
For cy to plas mic ex tracts, frozen tis sue was
weighed and ho mog e nized (1:2 w/v) in ice-cold 20 mM 
Tris-HCl  (pH 7.2)   buffer  con tain ing  10%   glyc erol,
50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM DTT
and sev eral pro te ase in hib i tors  (20  mM  Na2MoO4,
0.15 mM spermine, 0.15  mM  spermidine,  0.1  mM 
PMSF, 5 µg/ml antipain, 5  µg/ml leupeptin, 5  mg/ml
aprotinin) as well phosphatase in hib i tors (20 mM
glycerophosphate, 5 mM Na4P2O7 × 10 H2O, 2 mM
Na3VO4, 25 mM NaF) with 20 strokes of tef lon-glass
ho mog e nizer. Sam ples were cen tri fuged  at  2000 × g,
10 min, 4 ºC to ob tain the supernatant and pel let (con -
tain ing nu clear and cell re mains). The supernatant was
ultracentrifuged at 105000 × g, 60 min, 4 ºC and the re -
sult ing supernatant is used as cy to plas mic frac tion. The
pro tein con cen tra tion of the sam ples was mea sured by
the mod i fied method of Low ry [25] us ing bo vine se rum
al bu min (BSA) as a stan dard.
Western blot analysis
The sam ples con tain ing 30  mg pro tein were mixed
with Laemmli's sam ple buffer, boiled for 5 min and
loaded on 10% or 12% polyacrylamide gels. For West ern 
blot anal y sis, the sam ples in tended to be di rectly com -
pared were al ways run on the same gel; p53, Bax and
Bcl-2 were de tected in the whole cell ex tracts, while
procaspase-3, cleaved caspase-3 and cytochrome c were
an a lyzed in the cy to plas mic frac tion. The pri mary an ti -
bod ies used in this study were: anti-p53 (KAM-CC002,
Stressgen, USA, 1:2000), anti-procaspase 3 (H-277,
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Santa Cruz Bio tech nol ogy Inc, USA, 1:2000),
anti-cleaved caspase 3 (Asp175, Cell Sig nal ing Inc,
USA, 1:500), anti-Bcl-2 (#2876, Cell Sig nal ing Inc,
USA, 1:1000), anti-Bax (B-9, Santa Cruz Bio tech nol ogy 
Inc, USA, 1:1000) and anti-cytochrome c (6H2, Santa
Cruz Bio tech nol ogy Inc, USA, 1:1000). The goat
polyclonal anti-b-actin (C-11, Santa Cruz Bio tech nol ogy 
Inc, USA, 1:5000) an ti body was used as a load ing con -
trol. The sec ond ary an ti bod ies were: peroxidase-con ju -
gated anti-rab bit, anti-mouse and anti-goat IgG an ti bod -
ies (Santa Cruz Bio tech nol ogy, 1:10000). The
immunopositive bands were vi su al ized by the en hanced
chemiluminescence (ECL) method (Cell Sig nal ing,
USA). The op ti cal den sity (OD) of bands vis i ble on
light-sen si tive films (Fuji, Ja pan) was mea sured us ing
the im age anal y sis sys tem (ImageJ). The back ground
OD lev els were sub tracted from the OD of each in di vid -
ual immunoreactive band. 
Statistics
All data were ex pressed as the mean ± stan dard
er ror of the mean (SEM) (n = 15). The sta tis ti cal anal y -
sis was per formed by us ing one way ANOVA fol lowed 
by post hoc Tukey test; the com par i sons were per -
formed be tween sham-ir ra di ated con trols and cor re -
spond ing ir ra di ated an i mals. Dif fer ences were con sid -
ered sig nif i cant at p < 0.05.
RESULTS
The effects of cranial irradiation on gene
expression of apoptotic molecules p53,
Bax and Bcl-2 in the hippocampus
In the first set of ex per i ments, the ef fect of ir ra di -
a tion on gene ex pres sion of proapoptotic mol e cules
p53 and Bax and antiapoptotic mol e cule Bcl-2 was
eval u ated. As shown in fig. 1, the p53 mRNA level was 
un changed in the hip po cam pus of ir ra di ated an i mals,
whereas cra nial ir ra di a tion led to the time-de pend ent
in crease in Bax mRNA level, com pared to the sham-ir -
ra di ated   con trols,   with   max i mum  achieved 4 h  af ter   
the   ra di a tion  treat ment,   fig.  1(b), F = 3.93, p < 0.01.
On  the  other hand, the  Bcl-2 mRNA  level  was not 
sig nif i cantly  dif fer ent  be tween  the  ir ra di ated  an i -
mals and the ap pro pri ate  con trols,  fig. 1(b), F = 0.212, 
p = 0.93. 
The effects of cranial irradiation on apoptotic
molecules protein expression in hippocampal
whole cell and cytoplasmic extracts 
The acute ef fects of ir ra di a tion on the p53, Bax
and Bcl-2 pro tein lev els were ex am ined in the whole
cell ex tracts of the 18-days-old an i mal hip po cam pus.
As the time-re sponse ex per i ments re vealed, the p53
and Bax pro tein were in creased in sim i lar man ner,
with max i mum ob served 2 h and 4 h af ter the treat ment 
–  fig. 2(b)   (p53:  F  =  4.94,   p < 0.01;   Bax:  F  =  4.82,
p <.0.01). On the con trary, the Bcl-2 pro tein was not
changed  dur ing  the  ex am ined  time  in ter val, fig. 2(b), 
F = 2.06, p = 0.11. 
The di rect com par i son be tween the Bax and the
Bcl-2 pro tein lev els in the hip po cam pus re vealed ra di -
a tion-in duced in crease in Bax/Bcl-2 ra tio (fig. 3). The
in cre ment of Bax pro tein above Bcl-2 pro tein was ob -
served in 2 h and 4 h post-ir ra di a tion time due to the
Bax in crease, while the Bcl-2 ex pres sion was un al -
tered (fig. 3).
It is known that the up reg u lated Bax pro motes
the apoptosis through in ser tion into the mi to chon drial
mem brane, thus fa cil i tat ing the cytochrome c re lease
from the mi to chon dria to the cy to plasm [26]. There -
fore, the cytochrome c level was an a lyzed in the cy to -
plas mic frac tion, in or der to es ti mate its pos si ble leak -
ing from mi to chon dria. As dem on strated in fig. 4, the
cytochrome c pro tein level was in creased in 2 h and 4 h 
post-ir ra di a tion time (F = 3.18, p < 0.05), which co in -
cides with the in duc tion of Bax pro tein in whole cell
ex tracts.
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Fig ure 1. The ef fect of cra nial ir ra di a tion on p53, Bax and
Bcl-2 mRNA in the rat hip po cam pus. Rep re sen ta tive
PCR of p53, Bax and Bcl-2 mRNA in the hippocampi of
sham ir ra di ated con trols (C) and ir ra di ated (IR) an i mals
in dif fer ent time in ter vals af ter treat ment, as in di cated (a). 
The rel a tive abundance of tar get mRNA is quan ti fied by
densitometry, nor mal ized against GAPDH in the same
sam ple and ex pressed as the  per cent of ap pro pri ate con -
trol (b). Data rep re sent the mean ± SEM (n = 15). As ter isk
in di cate sig nif i cant dif fer ences be tween ir ra di ated an i -
mals and sham ir ra di ated con trols; *p < 0.05
The cytochrome c re lease from mi to chon dria
trig gers a cas cade of caspase ac ti va tion, gen er ally re -
sult ing in proteolytic cleav age of procaspase-3 into ac -
tive p17 and p19 frag ments. In our study the
procaspase-3 pro tein level in cy to plas mic frac tion was 
rap idly in creased af ter ir ra di a tion, fig. 5(a), up per
panel, IR1h vs. C1h, p < 0.01, how ever, the in cre ment
ob served in 1 h post-ir ra di a tion  time  de clined,  lead -
ing to  the de creased pro tein level af ter 2 h and 4 h (p <
0.05). This dec re ment of procaspase-3 is as so ci ated
with in crease of its cleaved form, which gives bands of 
17 and 19 kDa, fig. 5(a), mid dle panel. 
DISCUSSION
Our pre vi ous re sults showed that the acute ra di a -
tion phase is fea tured by en hanced hy po tha lamic-pi tu -
itary-ad re nal (HPA) axis ac tiv ity [27] and in creased
in flam ma tion in the brain [28]. In the pres ent study we
dem on strated that cra nial ir ra di a tion, in terms of pro -
phy lac tic ther apy, is as so ci ated with the in duc tion of
proapoptotic mol e cules p53 and Bax, and with the
shift in Bax/Bcl-2 bal ance. This is ac com pa nied with
early hall marks of apoptosis, such as an in creased
cytochrome c level in the cy to plasm and caspase-3 ac -
ti va tion. The ac ti va tion of the apoptotic path way in the 
rat hip po cam pus could be re lated to the cog ni tive de -
cline ob served in pa tients af ter the pro phy lac tic cra -
nial ra dio ther apy.
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Fig ure 2. p53, Bax and Bcl-2 pro tein lev els in the whole
cell ex tracts of rat hip po cam pus af ter cra nial ir ra di a -
tion. Rep re sen ta tive West ern blots of p53, Bax and Bcl-2
pro teins in the hippocampi of sham ir ra di ated (C) and ir -
ra di ated (IR) an i mals at dif fer ent time in ter vals af ter
treat ment, as in di cated. The lower part of each blot was
probed with anti-b-actin an ti body as a load ing con trol
(a). The rel a tive abundance of tar get pro teins in the
whole cell ex tracts is quan ti fied by densitometry, nor -
mal ized against b-actin in the same lane and ex pressed as
per cent of ap pro pri ate con trol (b). Data rep re sent the
mean ± SEM (n = 15). As ter isk in di cate sig nif i cant dif fer -
ences be tween ir ra di ated an i mals and sham ir ra di ated
con trols; *p < 0.05, **p < 0.01
Fig ure 3. Rel a tive ra tio of Bax pro tein to Bcl-2 pro tein in
the rat hip po cam pus af ter cra nial ir ra di a tion. Ra tio val -
ues above 1 in di cate the dom i nance of Bax, while val ues
be low 1 im ply the  prev a lence of Bcl-2 in the whole cell
ex tracts. The re sults are ex pressed as the mean ± SEM.
As ter isk in di cate sig nif i cant dif fer ences be tween ir ra di -
ated an i mals and sham ir ra di ated con trols; *p < 0.05
Fig ure 4. The ef fect of cra nial ir ra di a tion on cytochrome
c (cyt c) pro tein level in the cy to plas mic frac tion of rat
hip po cam pus. Rep re sen ta tive West ern blot of cyt c pro -
tein in the hippocampi of sham ir ra di ated con trols (C)
and ir ra di ated (IR) an i mals in dif fer ent time in ter vals
af ter treat ment, as in di cated. The lower part of the blot
was probed with anti-b-actin an ti body as a load ing con -
trol (a). The rel a tive abundance of cyt c pro tein is quan ti -
fied by densitometry, nor mal ized against b-actin in the
same sam ple and ex pressed as the  per cent of ap pro pri -
ate con trol (b). Data rep re sent the mean ± SEM (n = 15).
As ter isk in di cate sig nif i cant dif fer ences be tween ir ra di -
ated an i mals and sham ir ra di ated con trols; *p < 0.05,
**p < 0.01
In re sponse to the ion iz ing ra di a tion, the
apoptosis sig nal ing is trig gered by the tu mor sup pres -
sor p53, which is a crit i cal reg u la tor of apoptotic path -
way and DNA re pair [7]. In this study, the cra nial ir ra -
di a tion rap idly stim u lated p53 pro tein ex pres sion in a
time-de pend ent man ner, whereas the level of p53
mRNA did not show sta tis ti cally sig nif i cant changes.
These re sults are in agree ment with pre vi ous re port,
dem on strat ing that the gamma-ir ra di a tion in duces
apoptosis [29] as well as the in duc tion of p53 pro tein
in fe tal rat brain, with out a ma jor up-reg u la tion of p53
mRNA [30]. More over, the p53 path way may be a
mech a nism through which ra di a tion in duces apoptosis 
in the adult CNS [10]. It should be noted, how ever, that 
not all types of ra di a tion-in duced apoptosis in volve
p53 in duc tion [31]. 
It is known that the p53 transcriptionally ac ti vates
Bax in some types of cells af ter treat ment with ion iz ing
ra di a tion, chemotherapeutic drugs and other genotoxic
agents [30]. We found that the Bax pro tein level was
higher in ir ra di ated rats that in the con trol ones; the max i -
mum level was at tained at 4 h, and then sub se quently re -
duced again to the low level. This in duc tion tem po rally
co in cides with the el e va tion of p53 pro tein, as ex pected
for a cause-and-ef fect re la tion ship [32]. More over, the
cra nial ir ra di a tion mod er ately in creased the level of Bax
mRNA, as re vealed by RT-PCR. These re sults are in ac -
cor dance with the pre vi ous stud ies re port ing Bax up-reg -
u la tion af ter ion iz ing ir ra di a tion [33, 34]. On the other
hand, nor Bcl-2 mRNA level nei ther Bcl-2 pro tein were
changed in the hip po cam pus of head-ir ra di ated an i mals.
The disbalance in Bax/Bcl-2 ra tio in hippocampal neu -
rons ap pears crit i cal for reg u la tion of apoptosis and func -
tion as a rheo stat that de ter mine cell sus cep ti bil ity to
apoptosis [35]. In our study shift in Bax/Bcl-2 bal ance re -
sults in the pre dom i nance of death-pro mot ing mol e cules, 
which cre ates a crit i cal check point in the apoptotic pro -
gram ex e cu tion. Namely, the Bax pro motes apoptosis by
im pair ing in teg rity of mi to chon drial mem brane and fa -
cil i tat ing the re lease of cytochrome c from the mi to chon -
dria, thus trig ger ing a cas cade of caspase ac ti va tion. In
our study the cytochrome c pro tein level was grad u ally
in creased in the cy to plasm, pre sum ing that it was re -
leased from the mi to chon dria due to the al tered per me -
abil ity of mi to chon drial mem brane. This event trig gers
dis tinc tive caspase cas cade char ac ter is tics of apoptotic
path way, in which the caspase-3 ac ti va tion plays a dom i -
nant role. In the pres ent study the procaspase-3 (a
zymogen form of caspase-3) pro tein, which is en zy mat i -
cally in ac tive, was rap idly in creased at 1 h af ter ir ra di a -
tion in the hip po cam pus of ir ra di ated an i mals, but sub se -
quently its level was de creased. The ob served de crease
of procaspase-3 pro tein in the lat ter  time points (2 h and
4 h) mark edly co in cides with the el e va tion of cleaved
caspase-3, char ac ter ized with two frag ments of 17 kDa
and 19 kDa which form dimers that have en zy matic ac -
tiv ity. There fore; the cleav age of procaspase-3, which is
equaled with its ac ti va tion, is con sid ered as an early hall -
mark of apoptosis [36]. On the ba sis of these re sults, we
can con clude that cra nial ir ra di a tion led to the ac ti va tion
of apoptotic path way in the nor mal brain tis sue. This is in
agree ment with pre vi ous an i mal stud ies, us ing the same
dose of ra di a tion, which have dem on strated apoptosis of
hippocampal oligodendrocytes [37] or pro lif er at ing stem 
cells [38]. Those changes most likely lead to the ra di a -
tion-di min ished neurogenesis in the hip po cam pus [4, 39] 
that may re sults in pro gres sive learn ing and mem ory def -
i cits in the long-term can cer sur vi vors [40]. It is note wor -
thy that these cog ni tive dis tur bances are closely re lated to 
the ra di a tion dose [41], but even the pro phy lac tic dose,
like the one used in our study, can pro foundly dis turb the
hippocampal-de pend ent be hav ior, learn ing and mem ory
in ro dents [42, 43]. 
The sig nif i cant late se quels as so ci ated with cra -
nial ra dio ther apy have evoked the in ter est in find ing
radioprotectors that can di min ish ra di a tion in jury of
nor mal tis sue with out sac ri fic ing clin i cal out comes.
One of them is the an gio ten sin con vert ing en zyme
(ACE) in hib i tor, ramipril, which re duces apoptosis in
the rat hip po cam pus af ter 10 Gy ir ra di a tion [44]. The
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Fig ure 5. The ef fect of cra nial ir ra di a tion on caspase-3
pro tein level in the cy to plas mic frac tion of rat hip po cam -
pus. Rep re sen ta tive West ern blot of procaspase-3 (32
kDa) (up per panel) and cleaved caspase-3 (19 and 17 kDa 
frag ments) (mid dle panel) in the hippocampi of sham ir -
ra di ated (C) and ir ra di ated (IR) an i mals in dif fer ent
time in ter vals af ter treat ment, as in di cated. As ter isk in -
di cates pro teins of dif fer ent mo lec u lar weight (*, 32 kDa;
**, 19 kDa; ***, 17 kDa). The lower part of the blot was
probed with anti-b-actin an ti body as a load ing con trol
(a). The rel a tive abundance of procaspase-3 pro tein is
quan ti fied by densitometry, nor mal ized against b-actin
in the same sam ple and ex pressed as per cent of ap pro pri -
ate con trol (b). Data rep re sent the mean ± SEM (n = 15).
As ter isk in di cate sig nif i cant dif fer ences be tween ir ra di -
ated an i mals and sham ir ra di ated con trols; *p < 0.05,
**p < 0.01
pro tec tion of nor mal brain cells from g-ir ra di a tion in -
duced apoptosis could also be achieved by a mi to -
chon dria-tar geted triphenyl-phosphonium-nitroxide
[45] or with amifostine and tempol [46]. There fore,
the fu ture di rec tions of our in ves ti ga tions will be fo -
cused on ef fects of dif fer ent radioprotectors in the
pres ent an i mal model of pro phy lac tic cra nial ra dio -
ther apy.
CONCLUSIONS
Our re sults ex em plify the ac ti va tion of p53-de -
pend ent apoptotic path way by ir ra di a tion in the an i mal
model sys tem. This is fol lowed by the in duc tion of pos i -
tive apoptosis reg u la tor Bax, whereas antiapoptotic
mol e cule Bcl-2 was not changed. The disbalance in
Bax/Bcl-2 ra tio re sults in early signs of apoptotic cell
death, like cytochrome c re lease and caspase-3 ac ti va -
tion. The ob served changes in the hip po cam pus of
head-ir ra di ated an i mals may of fer a com pel ling ex pla -
na tion for de layed cog ni tive dysfunctions, such as im -
paired learn ing, mem ory, and ac a demic achieve ment, in 
the long-term can cer sur vi vors.
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Nata{a A. VELI^KOVI], Ana D. \OR\EVI], Duwa R. DRAKULI],
Bojana Q. [E]EROV, Ivana S. GRKOVI], Maja S. MILO[EVI], Anica I. HORVAT
DELOVAWE  ZRA^EWA  NA  INDUKCIJU  APOPTOTSKE  ]ELIJSKE
SMRTI  U  HIPOKAMPUSU  PACOVA
Jonizuju}e zra~ewe se ~esto koristi u tretmanu tumora mozga ali ono mo`e da o{teti
kognitivne funkcije, kao {to su u~ewe i pam}ewe. Po{to je smawewe kognitivnih funkcija
ve}inom rezultat }elijske smrti putem apoptoze u hipokampalnim }elijama u ovoj studiji su
analizirani efekti kranijalnog gama-zra~ewa (10 Gy) na ekspresiju proapoptotskih (p53, Bax) i
antiapoptotskih molekula (Bcl-2), kao i na aktivaciju kaspaze-3 i redistribuciju citohroma c u
hipokampusu mladih pacova. Odabrani re`im zra~ewa odgovara uspostavqenom `ivotiwskom
modelu za de~iju profilakti~ku kranijalnu radioterapiju.
Na{i rezultati pokazuju da je ekspresija p53 i RNK nepromewena nakon zra~ewa, dok je
indukcija p53 proteina veoma brza. Istovremeno Bax iRNK i pro tein su pove}ani nakon zra~ewa,
dok je ekspresija Bcl-2 nepromewena tokom ispitivanog perioda. Ove promene su pra}ene ranim
znacima apoptoze, kao {to su pove}ano osloba|awe citohroma c i aktivacija kaspaze-3.
Generalno, ova studija pokazuje da je kranijalno zra~ewe povezano sa stimulisanim
apoptotskim putem u hipokampusu pacova, {to se mo`e povezati sa kognitivnim o{te}ewima
uo~enih kod pacijenata nakon profilakti~ke kranijalne radioterapije, ali tako|e otvara
perspektive u pronala`ewu radioprotektora koji smawuju o{te}ewe normalnog nervnog tkiva
nakon zra~ewa.
Kqu~ne re~i: kranijalno zra~ewe, apoptoza, hipokampus, pacov
